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Granular materials are often encountered in science and engineering disciplines, in which controlling the
particle contacts is one of the critical issues for the design, engineering, and utilization of their desired
properties. The achievable rapid fabrication of nanoparticles with tunable physical and chemical
properties facilitates tailoring the macroscopic properties of particle assemblies through contacts at the
nanoscale. Models have been developed to predict the mechanical properties of macroscopic granular
materials; however, their predicted power in the case of nanoparticle assemblies is still uncertain. Here,
we investigate the influence of nanocontacts on the elasticity and thermal conductivity of a granular
fiber comprised of close-packed silica nanoparticles. A complete elastic moduli characterization was
realized by non-contact and non-destructive Brillouin light spectroscopy, which also allowed resolving
the stiffness of the constituent particles in situ. In the framework of effective medium models, the strong
enhancement of the elastic moduli is attributed to the formation of adhesive nanocontacts with physical
and/or chemical bondings. The nanoparticle contacts are also responsible for the increase in the fiber
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thermal conductivity that emphasizes the role of interface thermal resistance, which tends to be ignored
in most porosity models. This insight into the fundamental understanding of structure—property relation-
ships advances knowledge on the manipulation of granular systems at the nanoscale.
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Introduction

In the last three decades, much research effort has focused on
the synthesis of metallic and non-metallic nanoparticles (NPs)
with controlled chemistry, size, shape, and composition driven
by their intriguing quantized behavior like that of atoms." This
enormous progress has boosted new research on the assembly
of these NPs into hierarchical-architectured materials. Their
unanticipated novel properties and consequently a plethora of
applications have stimulated further research efforts in this
large field of nanomaterials.>™* More recently, free-standing
assemblies have been fabricated to eliminate unwanted inter-
actions with solder substrates leading to radiation damage or
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kinetically trapped non-equilibrium structures. Nanoparticle assem-
blies can find numerous applications in acoustic, optoelectronics,
and thermoelectric devices.>*® For the realization of these technolo-
gical applications, an understanding of the phononic properties is of
equal importance. The propagation of phonons not only yields the
elasticity, which is important for stability, but also allows the
characterization of the interparticle contacts, which enhance heat
conduction and the rigidity of colloid-based structures. Coherent
phonons can be either injected by an optical pump pulse in
picosecond acoustic techniques™ or probed by spontaneous Bril-
louin light spectroscopy (BLS).*® The latter is a non-destructive
technique that can resolve both propagated phonons with the wave
vector and polarization resolution and localized phonons associated
with the colloid elastic vibrations."" ™ The concurrent access to
effective medium phonons and particle vibrations enables indepen-
dent monitoring of the film and the constituent component elasticity.

Among different colloidal NP assembly shapes, uniform
macroscale colloidal fibers have been reported with wide appli-
cation perspectives, such as the fabrication of microchannels'*
and photonic devices,"> due to the excellent controllability of
their morphology and periodicity. Recently, harnessing crack
engineering, a unique strategy was developed to fabricate trans-
parent centimeter-scale fibers without a template.’® The fiber
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dimensions could be controlled simply by tuning the physical
parameters, such as solvent composition, suspension descending
rate, and NP volume fraction, and its large-scale production has
shown great promise in practical applications. For instance, the
fibers can be utilized as a platform of Ag-coated nanostructured
surfaces exhibiting considerably higher sensitivity for probing
small molecules compared to a typical smooth silicon wafer in
the surface-enhanced Raman scattering detection. To realize
broad applications, exploring the fundamental properties and
understanding their relationships with the structure is an impor-
tant requisite. It was found that the mechanical stiffness of
NP-assembled fibers could be reinforced by thermal annealing
without significantly altering the nanostructure; however, the
physics behind these strong enhancements was not discussed.'®
Also other properties, such as thermal conductivity, which is
important in practical applications, have not been examined either.

In this work, we address these questions by investigating the
complete elasticities and thermal conductivity of free-standing
fibers comprised of SiO, NPs for different annealing durations
combined with complementary continuum mechanical and heat
transport analysis. To achieve this, we performed non-contact
elastic characterizations on silica fibers and their constituent
particles via Brillouin light spectroscopy (BLS). The experimental
data were interpreted by effective medium models, thus enabling
an assessment of the roles of the nanocontacts and the adhesion
processes in different annealing times. Moreover, we measured
the thermal conductivity of the silica fibers using a T-bridge
method, in which the increase with annealing time was well
represented by a contact radius-controlled heat conduction path.

Results and discussion
Preparation of the silica fibers

The silica (Si0,) fibers were prepared from the controlled crack
formation, as illustrated in Fig. 1a-c.'® Here, as the solvent
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(water/ethanol) of SiO, NPs (diameter d = 95 &+ 7 nm) colloidal
suspension evaporates between 323 and 363 K (Fig. 1a), their
self-assembly into a wet colloidal film on the vial’s wall (substrate)
is driven by the capillary and Marangoni flows (Fig. 1b). Mean-
while, cracks are formed in the wet film and propagate vertically
downwards. A centimeter-scale fiber consisting of self-assembled
NPs is formed between two adjacent cracks as the evaporation
process is completed, as shown in Fig. 1c. The shape of the
pristine (without annealing) silica fibers and its nanostructure of
the surface were determined here by optical (Fig. 1d) and scanning
electron microscopy (SEM) (Fig. 1e). In order to further improve
the mechanical stiffness, the pristine fibers were placed under
thermal treatment at T = 1173 K for different annealing times
(0.5, 2, and 4 h). The corresponding SEM images shown in Fig. 1f
and Fig. S1 (ESIt) indicate that the nanostructures after annealing
were almost identical to the pristine state. The samples coded as
F-annealing time are listed in Table 1 along with structural and
physical parameters of the fibers and the constituent NPs.

Complete elasticity of the silica fibers and their constituent
nanoparticles

For a transparent sample, BLS measures the sound velocities of
both longitudinal (LA) and transverse (TA) acoustic phonons at
hypersonic frequency (GHz), and hence can uniquely determine
the complete material elasticities if the sample density is
known. The sound velocity of the LA phonon is detectable in
a polarized (VV) BLS spectrum, where VV denotes vertical
polarization of both the incident (k;) and scattered (k) lights
relative to the scattering plane (k;,k). Fig. 2a exemplifies the vV
BLS spectra (anti-Stokes side, grey lines) of the pristine and
three annealed silica fibers recorded in the transmission scattering
geometry at a phonon wavevector g = 0.0167 nm ' and T =294 K.
At the transmission scattering geometry illustrated in Fig. S2 and
Section 1.2 in ESI,} the phonon wavevector q is parallel to the film

4
plane and its magnitude ¢ = ({) sin(o), with /4 = 532 nm being

c _ crack
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(a—c) Scheme of the fiber preparation. (a) Evaporation of a suspension of silica nanoparticles in ethanol/water. (b) Self-assembly of SiO, NPs on the

vial wall driven by the capillary and Marangoni flows. (c) Directed and uniform development of cracks accompanying the drying of the solvent. (d and e)
Optical and SEM images of pristine fibers. (f) SEM image of the annealed fiber, treated at T = 1173 K for 4 h.
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Table 1 Properties of the fibers and their constituent SiO, nanoparticles
Annealing Density of Core-core Diameter of Density of Adhesion
duration® fibers, distance, SiO, NPs, Porosityl7 , Refractive SiO, NPs°, energyd,
Sample code (hour) p (kg m™?) d. (nm) d (nm) p (%) index, n pxp (kg m™) W (J m?)
F-0 0 1273 £ 107 89 £+ 10 95 + 7 0.33 1.32 1900 0.14
F-05 0.5 1602 £+ 119 85 +7 90 + 4 0.26 1.34 2200 0.39
F-2 2 1639 £ 77 80 + 8 90 + 14 0.24 1.33 2200 1.42
F-4 4 1683 £+ 156 77+ 6 90 + 4 0.22 1.34 2200 3.17

“ Annealing at T'= 1173 K. © Porosity p = p/pxp. © Estimated from the density-dependent modulus in Fig. 3. ¢ W is calculated eqn (3) assuming 4 = 16.
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Fig. 2 (a) Normalized polarized (VV) Brillouin light scattering (BLS) spectra at a scattering wave vector g = 0.0167 nm~* assigned to the longitudinal
acoustic (LA) phonon in the indicated silica fibers. Top panel: The normalized depolarized (VH) spectrum at g = 0.0167 nm™ assigned to the transverse
acoustic (TA) phonon in F-4. (b) The linear dispersion relation, frequency vs. wave vector g, for the LA phonon obtained from the VV BLS spectra recorded
at in-plane and out-of-plane g's for the four fibers. (c) Longitudinal, c., and transverse, ct, sound velocities in the four silica fibers. The corresponding
values in amorphous glass are indicated by the black and blue arrows respectively. Inset: Schematic of GHz phonon propagation in the fibers. All the open
symbols refer to the pristine F-0 without annealing. The solid lines are linear fits of f (q) with zero intercept whereas the dashed lines are guided to the eye.

the wavelength of the incident light, which is independent of the
materials’ refractive index; ie., g = 0.0167 nm™~! for an incident
angle o = 45°. The VV BLS spectra for all fibers in Fig. 2a are well
represented by single Lorentzian lineshapes (red lines) yielding the
frequencies fof LA phonons at g = 0.0167 nm ™. The linear acoustic
dispersions f(g) of LA phonons are shown in Fig. 2b, where ¢’s
(>0.024 nm ") directed normal to the film plane were achieved in
the reflection and backscattering geometries (Fig. S2 and Section

1.2 in ESIY), respectively. The magnitude of this out-of-plane ¢, =

4 R
7\/”2 —cos?a now depends on the fiber refractive index, n.

Assuming elastic isotropy, f = cg/2n is linear throughout ¢’s range
yielding n = 1.33 4 0.02 which is, within error, the same for all the
samples. The corresponding longitudinal sound velocity ¢;(= 2ntf/q)
for different annealing durations is shown in Fig. 2c (black
squares).

Access to the sound velocity of transverse acoustic (TA) phonon,
cr, is necessary to calculate the shear and hence Young’s modulus.
This is feasible if the depolarized (VH) BLS spectra are sufficiently
strong to be recorded; VH denotes the vertical and parallel
polarizations of the incident and scattered lights relative to the
(k;,ks) plane, respectively. The top panel in Fig. 2a displays the VH
spectrum (grey line) of F-4 at ¢ = 0.0167 nm ' along with its

This journal is © the Owner Societies 2021

representation (red line) by two Lorentzians. The low-frequency
strong peak was assigned to the TA phonon, whereas the weaker
peak at a higher frequency is the LA phonon in the VV spectrum
due to the scrambling of the scattered light polarization. The
transverse sound velocity ¢y (= 27nflg) in the four fibers is shown in
Fig. 2c (blue circles).

The sound velocities shown in Fig. 2c represent the effective
medium values in the fibers consisting of randomly close-
packed SiO, NPs. Both ¢;, and ¢y increased abruptly by about
85% from the pristine (F-0, open symbols) to the fiber annealed
for a short time (F-05) and a reduced increase to about 50%
with prolonged annealing to 4 h (F-4). Note that even for the
longest annealed F-4 sample, both ¢;, and ¢r remained ~22%
less than the corresponding values of typical amorphous glass
(arrows in Fig. 2c). An increase in the effective medium sound
velocities can, in principle, arise from denser packing (decreasing
porosity), densification of the SiO, NPs, and/or due to the increas-
ing adhesion forces between NPs. The increase in the fiber density
by 25% from F-0 to F-05 and only by 5% from F-05 to F-4 was
clearly lower than the corresponding increase in the sound
velocities, suggesting that packing alone cannot account for the
higher sound velocities (hardening) of the fibers upon annealing.
Prior to the discussion of the elastic moduli of the fibers and
understanding the origin of its elastic enhancements, knowledge

Phys. Chem. Chem. Phys., 2021, 23, 3707—-3715 | 3709
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of the elastic properties of the constituent silica NPs is a pre-
requisite. Experimental access to the elasticity of NPs and their
assembled structure simultaneously by BLS is, for the first time,
reported in the granular materials.>”'”*®

1t is well established that NPs exhibit vibrations, in analogy to the
electron motion in atoms. For non-interacting spheres, the resolved
lowest-frequency mode by BLS can be assigned to the quadrupole
(1,2) vibration, where 1 and 2 denote the radial and angular
momentum, respectively."'® This is a resonance localized mode
and hence f(1,2) is g-independent. For isolated NPs, the (1,2) mode
should be a single symmetric peak at f(1,2) = A(vnp) ornp/d, where
crne denotes the transverse sound velocity of the NP with diameter
d and A is a dimensionless constant depending on the NP’s Poisson’s
ratio, up."” Here, f(1,2) is much higher than the frequencies of the
LA and TA phonons at the probed ¢’s of BLS (Fig. 2c). Fig. 3a shows
this high-frequency (1,2) mode in the VV BLS spectra (grey lines) of
F-0 and F-4 recorded at the backscattering geometry. Due to the d
dependence, the size polydispersity leads to a broadening of the (1,2)
peaks.”® The (1,2) mode of both F-0 and F-4 was not single and hence
is represented (blue lines) by two Lorentzian lines (red lines) centered
at the frequencies f; and f;(>f;). The splitting of the (1,2) mode,
resulting from interactions between two NPs,*”' suggests the
presence of surface contacts and adhesion between SiO, NPs, which
was much more pronounced for F-4. The effect of interaction can be
accounted for by computing f(1,2) = 2f; — f; which is utilized to
compute orxp (= f(1,2)d/A) using A = 0.84.7>%

The computed transverse sound velocities of the SiO, NPs,
crnp, Shown in the lower panel of Fig. 3b strongly increased

40 60 80
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(by 65%) with annealing from 0 to 0.5 h, but became virtually
constant with prolonged annealing. For the pristine SiO, NPs in F-
0, crnp = 2310 &= 50 m s~ ' was slightly lower than the CrNp =
2390 m s~ " of the NPs with p = 1960 kg m>.>* Since ¢ xp mainly
depends on the NPs’ density, we assigned p = 1900 kg m™ to the
pristine SiO, NPs in F-0 based on the density-dependence of the
modulus;>® whereby this density value is in good agreement with
the literature values of Stober silica NPs.2* For the SiO, NPs in the
three annealed fibers, the virtually constant cr xp = 3720 £ 50 m st
reached the ¢r by = 3740 m s~ of bulk fused silica with the density
p = 2200 kg m~3>>* The fiber density was found to display a
similar behavior with annealing as depicted in the inset in the
lower panel of Fig. 3b. Building on this data consistency, the upper
panel of Fig. 3b depicts the variation of the normalized transverse
sound velocity in the silica fiber, ¢r/crnp, with the particle volume
fraction (1 — p). Interestingly, this ratio was not constant but a
stronger increase was observed with the annealing duration,
indicating a strengthening of the cohesive forces between SiO,
NPs, as will be discussed for the elasticity moduli next.

Access to both ¢r and ¢, in the silica fibers allows an
estimation of their complete effective elastic moduli, including

Young’s (E), shear (G), and bulk (K) moduli. The G = por”, E =
_ 2

. . a . c
2G(1 + v) and Poisson’s ratio v = —— with a = L are shown
2a —2 cT?

in Fig. 4a. The trend of the fiber elasticities (E and G) with
annealing was clearly distinct from the Gyp of the constituent
SiO, NPs (Fig. 3b); whereby the former significantly increased
with annealing time, whereas the latter was virtually constant.

1-0
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(a) Polarized BLS spectra of the F-0 (low panel) and F-4 (upper panel) fibers recorded at the backscattering geometry. The resolved modes are

assigned to LA phonon for the fibers and quadrupole mode (1,2) for the SiO, NPs as indicated in the plot. The (1,2) mode is represented (blue lines) by a
double Lorentzian (red lines) shapes. A zoom-in of the vibration spectrum in F-4 is shown in the inset to the upper panel. (b) Low panel: The transverse
sound velocity of SiO, NPs (ctnp) vs. annealing duration, t, where the density of the fibers (Table 1) is presented in the inset. Upper panel: Normalized
transverse sound velocity of the fibers, ct/ct np, as a function of NP volume fraction, 1 — p, with p being the porosity (Table 1). For the pristine fibers, the

physical quantities are denoted by empty symbols in (b).
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Fig. 4 (a) Young's (E, black squares) and shear (G, red circles) moduli as a function of density for the four silica fibers. Inset: Poisson’s ratio v vs. fiber

density. Normalized to that of the constituent SiO; particles, K/Kyp in (b) and G/Gyp in (c), plotted as a function of the porosity. The color lines denote
different model predictions: Voigt's upper bound (black), Mori-Tanaka (red), and self-consistent (green) models (Section 2.1 in ESIt). The dashed lines are

guided to the eye. All open symbols refer to the pristine F-0.

Hence additional effects should become important for the
observed enhanced elasticity of the fibers in the annealing
regime (0.5-4 h). For the Poisson’s ratio of fiber v, it dropped
from 0.16 (F-0) to 0.08 in F-05 and then increased toward the
bulk value (v = 0.17) with prolonging the annealing time.

Surface contacts

To shed light on the origin of the elasticity enhancement, we
employed different continuum mechanics models for the inter-
pretation of the experimental moduli of the silica fibers. First, we
utilized the representative elementary volume (REV) models
proposed for porous materials with a random packing of NPs
(Section 2.1 in ESIt). The simple linear mixing rule for the effective
Young’s modulus, E = (1 — p)Exp, (Voigt’s upper bound) assumes a
similar deformation of holes and NPs. Two additional approaches,
Mori-Tanaka’s®® and self-consistent approximation,” take into
account the shape and percolation of pores, yielding reliable
predictions for some porous structures.”® However, all these
REV models cannot quantitatively represent the experimental data
shown in Fig. 4b and c, whereby the normalized moduli K/Kyp and
G/Gyp of the fibers increase much stronger with porosity than the
theoretical prediction made by different REV models. It should be
noted that all REV models envisage the NPs as a homogenous
matrix and ignore mutual interactions. The latter, however, have
been found to play a decisive role in the effective properties,
especially in the close packing structures as shown next.

In the framework of effective medium theory, the effective elastic
moduli of disordered granular systems with identical particles of
diameter d can be related to the normal (k,) and tangential (k)
contact stiffness between NPs.”**° Accordingly, k, and k; are given by

4 6mnd

kn = (CLZ — §CT2)—Z'DNP (13)
1 12nd

s = (CT2 - chz)% (1b)

This journal is © the Owner Societies 2021

where Z =2+ 11(1 — @) is the mean coordinate number depending
on the packing density.*' For random close packing with a porosity
of ~35%, the literature value of Z falls in the range of 6-9.*' The
computed k, and k (eqn (1)) for the four silica fibers are presented
in Fig. 5a. Both k, and k; (see scheme in the inset to Fig. 5a)
determined by the K (= M — 4G/3) and G moduli displayed a similar
density dependence with the silica fiber elastic moduli in Fig. 4a.

L ky 14w
The ratio & =14
ratio v (Fig. 4a) and varied in the range of 1.5-3 (top panel of Fig. 5b).
Note, the SiO, NP’s contact interactions impact the experimental
sound velocities but are not explicitly presented in eqn (1).

Several microstructural continuum models have quantita-
tively addressed the relation of the contact stiffness to the
micro-deformation at the interface.”>***® Digby proposed a
phenomenological description® of k, and ks for smooth parti-
cles with the contact radius r,, and an initially bonded area of
radius r, (see scheme in the inset to Fig. 5b) as a function of the
constituent NP elasticity:

(eqn (1)) is controlled by the fiber Poisson’s

4Gnpra
=— 2
kn T (2a)
o SGNpl‘b
ks = G- (2b)

where Gyp and vyp are the shear modulus (Fig. 3b) and Poisson’s ratio
(= 0.17) of the constituent NPs, respectively. Note that the application
of eqn (2) requires independent information on Gyp, which in our
case was obtained from the NP vibration frequency (Fig. 3). The two
radii ratio is related to the ratio k,/ks and vnp. When an applied force is
imposed on the particles, 7, is assumed to increase, whereas r, is
rather robust. The different responses of r;, and 7, to loading leads to a
decoupling of &, and & in eqn (2). The Digby model has adequately
described sintered systems, such as poly(methyl methacrylate) NPs,**
but failed to describe systems like titanium dioxide NPs.'®

Since cohesive forces can be introduced in the annealing
process, we utilized the Digby model for a rationalization of the

Phys. Chem. Chem. Phys., 2021, 23, 3707-3715 | 3711
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(a) Normal (k,) (black squares) and tangential (ks) (red circles) stiffness computed from (egn (1)) as a function of density. The ratio kn/ks is shown in

the upper panel along with a schematic illustration of k, and ks as the inset. (b) Contact radius r, (black squares) and indentation of a particle J (blue
circles) estimated from the Digby model and experimental ¢ (red circles) as a function of annealing duration. Inset: Schematic of the NP contact geometry
in the Digby model. (c) Bonded radius r, computed from the Digby, JKR,%2 and DMT“® models as a function of the annealing duration. All dashed lines are

guides for the eye and open symbols refer to the pristine F-0.

computed contact radii. Fig. 5b shows the variation of the
contact radius, r,, estimated from eqn (1a) and (2a) for
the silica fibers with the annealing time. For F-0, the value
I, = 12 nm remained virtually unchanged after the initial
annealing for 0.5 h and then largely increased to 31 nm as
the annealing time was extended to 4 h. According to eqn (1a)
and (2a), 1, ~ kn/Gnp ~ K/Kyp and hence the similar K/Kyp and
r, values for F-0 and F-05 (Fig. 4b) implied that the enhanced
Knp, due to a densification of the particles in F-05, could
account for the increase in K. For longer annealing, the increase
in r, could be ascribed to the adhesion processes, such as
cementation and consolidation. This could be directly evidenced
by the decrease in the mutual approach of two NPs’ centers, 0,
schematically shown in Fig. 5b.

The parameter 6 = (d — d.)/2 helps assess the role of NP
adhesion on the increase of r, in F-2 and F-4. Experimentally,
the intercore distance, d., (Table 1) and the diameter of the
constituent SiO, NPs, d, were determined from the SEM images
of the silica fibers and NP powders in Fig. S1 (ESIf), respec-

2ry (raz — rbz)%

tively. In the Digby model, é = was related to the

contact radius, r,, and bonded radius, #,, which were computed from
eqn (2). Fig. 5b depicts the experimental and computed ¢ for the silica
fibers. While the approximately similar ¢ in the pristine F-0 and F-05
excluded cementation, the augmented ¢ for F-2 was an indication
of a cementation effect with prolonged annealing. The computed
(blue symbols) ¢ values capture the experimental (red circles)
values for the silica fibers in Fig. 5b (upper panel) except for F-4.

A subtle cementation increase could play a significant role
in the growth of the contact grain radius, r, ¢, according to the

2ace | (2ra0 2+ 16Ap\ /2|12
d |\ d 3z

35-38
L,

equation, proposed by

Dvokin et a where the porosity decrease Ap is a conse-
quence of the cementation and r,, is the initial contact radius
(Ap = 0). This relation allows weighting the cementation effect on
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7, in F-2 and F-4 via the comparison between 7, and 7, c.. Assuming
a decrease Ap = 0.03(0.05) for F-2(F-4) relative to F-05 with r,y =
12 nm, the computed 7, c. = 21.6 nm is comparable to r, (= 20.3 nm)
in F-2, indicating the domination of cementation. For F-4, however,
there is a discrepancy between r,.. = 23 nm, and r, (= 31 nm)
along with an overestimated ¢ by the Digby model. In light of the
covalent bonds between SiO, NPs at high temperature,* the strong
adhesive force of chemical bonding may be responsible for the
high r, in F-4.

In the Digby model, the strong interparticle adhesion is
expressed in terms of the bonded area with radius r, (eqn (2b)),
which monotonically increased with the annealing time, as
shown in Fig. 5c. The adhesion energy W, defining the work of
detaching two interfaces, can be estimated from the fiber’s

Young’s modulus, E, according to Kendall’s relation:**™*?

WEN*’z)% ©)

E:A(l—usz)ig(l—p)“( d

where the dimensionless A (= 16 used in this work) is, in
principle, an adjustable parameter. Note that E (eqn (3))
depends on the particle size d. The computed W listed in
Table 1 consistently increased with annealing time, and was
in the order of the fracture energy of silica in F-2 and F-4 (1-3 ] m~*)*®
suggesting the formation of covalent siloxane bonds between the
NPs.?® Indeed, the surface OH groups of silica NPs usually undergo
the condensation reaction and transform into siloxane bonds at high
temperatures.** The consumed OH groups can lead to a decrease in
the special heat capacity,” which was consistently observed in F-2
and F4 (inset to Fig. 5), implying the presence of condensation
reactions. Compared to the specific heat capacity, which depends on
the density of OH groups, the sound velocities obtained from BLS
allowed sensing the interparticle adhesion force. The latter can be
strengthened due to the condensation reaction on OH groups.

The adhesion energy W relates to the bonded radius ry,
which has been taken into account in contact models such as
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the Derjaguin-Muller-Toporov (DMT)*® and Johnson-Kendall-

nd* W
8Eeff

3
Roberts (JKR) models:*° rb‘DMT:< >and FoJKR =

for identical contacted

(3Ttd2 w 2ENp

8Eerr 3(1 — VNP)2
particles. The JKR model was proposed for soft and compliant
particles with strong adhesion versus the DMT model, which is
suggested for rigid systems with low adhesion: 7, jxr > b pmr
for the same contacts. The bonded r;, values from the DMT and
JKR models for the four silica fibers are shown in Fig. 5¢ along
with the r, values from Digby’s model. For pristine F-0,
p = 2.4 nm is similar to rp pmr (= 2.8 nm), whereas for F-05,
1p = 4.2 nm conformed to rp,,jxr (= 4.1 nm). This crossover of ry,
from hard DMT to soft JKR contacts could result from the
softening of the annealed SiO, NPs (at high temperature). For
F-2, 1, & I'hjxr (= 6 nm) increased well above the value for F-05,
mainly because of the newly formed covalent bonds between
the NPs, which increased W (Table 1). The chemical nature of
the binding molecules on connected nanoparticles plays a

1
3
) where FEqp =

crucial role in the elasticities of colloidal films.” As compared
to the physical bonding (i.e., van der Waals forces), the much
stronger chemical bonds (e.g., covalent and hydrogen bonding)
have a greater impact with their increasing fraction with
annealing time on the fiber elasticity (F-4). For F-4 with the
largest adhesion energy W among the four silica fibers, a
discrepancy between r, (= 6.6 nm) and 7, kg (= 8.6 nm) was
observed. We recall the overestimated particle normal displace-
ment, J, and the contact radius, r,, for the same sample F-4
(Fig. 5b), which revealed the failure of Digby’s model to
represent systems with a relatively large adhesion (e.g., F-4).
In fact, r, includes the contribution from r, at a high W since K
(~k, ~ 1), the elastic response of a material to uniform
compression, is no longer insensitive to the stiffening caused
by adhesion forces over a large area with radius ry,."”
Summing up this section, an enhanced elasticity in the
annealed fibers is favored by different processes, which include

a6

K (W m'K")

& (W m'K")

0.24 0.28 0.32 . {
Porosity

0.4 B--______ . ,;

0.0 : :
1450 1650
p (kgim®)

Fig. 6

View Article Online

Paper

densification, cementation, and the formation of covalent
bonds, and their relative contribution depends on the annealing
time. The rapid densification process is responsible for the
elastic enhancements in a short annealing time (F-05). On the
other hand, the cementation and condensation reaction (cova-
lent bonds) processes occur after long-time annealing, and these
determined the elastic enhancement in F-2 and F-4. The cemen-
tation controlled the K in F-2, and K was further enhanced by the
formation of covalent bonds in the case of F-4. A large elasticity
usually accompanies a high thermal conductivity x, which is
important for materials applications.*® To gain insights into the
thermal-elastic properties of fibers with distinct interfacial adhe-
sion, we next examine x at different annealing times.

Thermal conductivity

The thermal conductivity x (red circles) of the silica fibers
measured by the T-bridge method**" is shown in Fig. 6a as
a function of the fiber density. The pristine F-0 (open red circle)
had x = 0.14 £+ 0.06 W m~ ' K™ ', which is about one magnitude
lower than the bulk value (= 1.4 W m~ ' K™ ') of fused silica. As
the fiber density increased (porosity decreased) with annealing
time, x significantly increased and reached 1.24 +£ 0.23 Wm ' K"
in F-4. Effective medium models that are usually applied to
represent the thermal conductivity of porous materials are
based on approximations of coherent potential (CP) and
porosity weight medium (PWDM),”*>* which take into account
the effect of a pore’s shape and/or size (Section 2.2 in ESI{). It
should be noted that these effective medium models for
thermal conductivity are typically empirical and quasi-
physical. Based on the inset in Fig. 5a, both models could not
represent the strong increase of x with decreasing porosity.
Notably, all these effective medium models ignored the inter-
facial thermal resistance, which is related to the fraction of the
interparticle conduction path C..>> As the interfacial contacts
were found to greatly impact the speed of sound in all
four fibers (Section 2.3), the contribution of Cg to x should
be considered. For particles in contact, C; = 2r,/d and the

b 1600
1.24 O--
Q\ 1200 ¥
\ 2
() = +
\ Q
= 10i84 § %
1S o 1800 ’
=] Q@ e
= Z
P
1300 1500 1700 L’
p (kg/m®) .7
#
0.4 &
C-@
0 2 4

Annealing duration, ¢ (h)

(a) Experimental (red circles) thermal conductivity k, and computed k = Ciknp (black squares) of silica fibers as a function of density. Inset: k vs. porosity

along with two effective medium approximations, CP and PWDM (Section 2.2 in ESIT). (b) The computed mean free path [ in the fibers at different annealing time.
Inset: Specific heat capacity obtained from DSC as a function of fiber density. All the dashed lines are guided to the eye and all open symbols refer to pristine F-0.
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computed x = Csknp>” (black square) assuming a bulk kyp =
1.4 Wm ™" K" for the SiO, NPs, as shown in Fig. 6a. A good
agreement between the computed and experimental x values was
observed for the three annealed fibers, corroborating the notion
of a contact-induced enhancement of heat transport. For F-0, the
interfacial contacts led to an overestimation of the x probably
due to the overestimated (by 120%) knp (= Kpui) due to its more
porous SiO, NPs. In fact, for the pristine F-0, the SiO, NPs were
observed to be much softer as compared to the bulk silica
(Fig. 3b). Note that the thermal conductivity depended on r,/d
(~Cs) and thereby its size dependence resembled that of the
elastic modulus, E (eqn (3)).

According to the kinetic theory, thermal conductivity is

1
related to the elasticity by = gcpvl, where ¢, is the specific heat

capacity, v = (cr, + 2¢y)/3 and is the average sound velocity, and
[ is the mean free path, respectively. The experimental c,
determined from differential scanning calorimetry (DSC) is
shown in the inset of Fig. 6b, whereas the computed [ values
in the four fibers are shown in Fig. 6b. The somewhat counter-
intuitive decrease in ¢, in the three annealed fibers was
attributed to the reduction of the surface dangling hydroxyl
groups (OH) of the SiO, NPs.”® The latter were transformed into
covalent siloxane bonds due to the condensation reactions at
high temperatures. Since the ¢, = 733 J kg~ ' K" of F-4 reached
the bulk value of silica (= 754 ] kg* K™ '), the OH groups should
be completely consumed after 4 h annealing. The computed
[ qualitatively resembled the dependence of r, on the annealing
time (Fig. 5b). For F-0 and F-05, / = 0.2 nm seemed to be
insensitive to the densification of both the SiO, NPs and fibers
(Table 1). With enlarged contact grains and an enhanced
adhesive force, the computed ! was significantly increased to
0.4 nm (0.85 nm) for F-2 (F-4). Notably, for F-4, the phonon mean
free path became very similar to the value / (= 0.8 nm) for bulk
silica.”” Therefore, the interfacial properties dominated the thermal
conductivity of the fibers k prepared with a long annealing time (F-2
and F-4), while the bulk xyp of the SiO, nanoparticles controlled the
K for the short annealing time (F-05).

Conclusions

We utilized Brillouin light spectroscopy to obtain the full
isotropic elasticities of disordered granular silica fibers fabri-
cated via crack engineering, and the in situ the shear modulus
of the constituent nanoparticles at different thermal annealing
circles. The BLS study was complemented by thermal conduc-
tivity measurements of the same fibers. Our data analysis
allowed identifying the contributions of the adhesion processes
to both the elastic stiffness and thermal conductivity of silica
fibers. Under the framework of the Digby, cemented, and DMT/
JKR theoretical models, the contact radius was revealed to
control the elastic enhancement. However, the underlined
mechanisms affecting the size and impact of the contact radius
depended on the annealing time. With a short annealing time
(0.5 h), the contacts between the particles barely changed
compared to the pristine fiber and the properties of the fibers

3714 | Phys. Chem. Chem. Phys., 2021, 23, 3707—3715
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relied on their constituent NPs. Tiny cementation occurred
after prolonged annealing (2 h), leading to a significant
increase in the contacts and a pronounced enhancement of
the elasticity. However, at a relatively long annealing time (4 h),
the cementation effect alone could not account for the sus-
tained strong elasticity enhancement. Instead the adhesive
force between the nanoparticles was strengthened by addi-
tional contributions from the emerging covalent bonds due to
condensation reactions. Surface contact effects were mani-
fested in the thermal conductivity of the same fibers through
the interface thermal resistance. The relation between the
contacts and heat transport was collaborated by the computed
phonon mean free path, which exhibited a large increase as the
number of contacts grew.
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